Cytosolic ATP-phosphofructokinase (PFK) from spinach leaves (Spinacia oleracea L.) was inhibited by submillimolar concentrations of free Mg2+. The free Mg2+ concentration required for 50% inhibition of PFK activity was 0.22 millimolar. Inhibition by free Mg2+ was independent of the MgATP2-concentration. Inorganic phosphate (Pi) reduces the inhibition of PFK activity by Mg2+.
inhibition of PFK activity was dependent on the MgATP2 concentration. Fifty percent inhibition of PFK activity requires 1.2 and 3.7 millimolar free ATP at 0.1 and 0.5 millimolar MgATP2, respectively. It was proposed that free ATP competes for the MgATP2-binding site, whereas free Mg2+ does not. Pi diminished the inhibitory effect of free ATP on PFK activity. Free ATP and Pi had substantial effects on the MgATP2-requirement of cytosolic PFK.
For half-maximum saturation of PFK activity 3 and 76 micromolar MgATP2-was required at 0.007 and 0.8 millimolar free ATP in the absence of Pi. At 5 and 25 millimolar Pi, half-maximum saturation was achieved at 9 and 14 micromolar MgATP2-. PFK activity was inhibited by Ca2 . The inhibition by Ca2+ depends upon the total Mg2+ concentration. Fifty percent inhibition of PFK activity required 22 and 32 micromolar Ca2+ at 0.1 and 0.2 millimolar Mg2+, respectively. At physiological concentrations of about 0.5 millimolar free Mg2+, Ca2+ would have little effect on cytosolic PFK activity from spinach leaves. PFK is not absolutely specific for the nucleoside 5'-triphosphate substrate. Besides MgATP2-, MgUTP2, MgCTP2-, and MgGTP2-could be used as a substrate.
All four free nucleotides inhibit PFK activity. The physiological consequences of the regulatory properties of cytosolic PFK from spinach leaves will be discussed. A model will be introduced, in an attempt to describe the complex interaction of PFK with substrates and the effectors Mg2 and Pi.
The activity of phosphofructokinase (PFK)3 from the cytosol of spinach leaves is dependent upon the concentrations ' of the substrates F-6-P, ATP, and Mg2+ and is sensitive to pH and a number of effector compounds which include Pi, phosphoenolpyruvate, and to lesser extents, 2-PGA, PPi, and a number ofinorganic anions (7) . Many ofthe complex reaction kinetics reported for PFKs in general are the sums of interactions between effector compounds and the enzyme and between effector compounds and the substrates Mg2+ and ATP with which they form complexes. In the case of cytosolic PFK from spinach leaves, the roles of Mg2e and ATP on the function of the enzyme in vivo are not clear as both can apparently act as substrates (MgATP2-) or inhibitors (Mg2+, ATP4-) depending upon their concentrations and upon the concentrations of F-6-P and the activator Pi (7).
It is generally considered that, for all nucleotide-dependent phosphotransferases, the nucleotide substrates are the metal ion (Mg2+, Mn2+) nucleotide complexes MATP, MUTP, MGTP, and MCTP (2, 22) . In most cases free nucleotides are inhibitory. However, for yeast PFK it has been reported that MgATP2-, rather than ATP-is the inhibitory species (17). ATP4-inhibits both plastidic and cytosolic PFK from various plant tissues (3, 5, 6, (9) (10) (11) (12) 15) . Uncomplexed Mg2e inhibits PFK from tomato fruits (9) and rat brains (2) but stimulates activity of the enzyme from yeast (17) and human erythrocytes (4) .
We report here measurements of the absolute requirements of cytosolic PFK from spinach leaves for Mg2+, ATP, and their complexes and the conditions under which these compounds and ions promote or retard PFK activity. The effects of Pi on the actions of Mg2`and ATP are also reported. In addition, we have examined whether cytosolic PFK can catalyze the conversion of F-6-P to F-1,6-P2 using nucleoside 5'-triphosphates other than ATP as substrates. The physiological relevance of this latter point is that it has been suggested recently that the catabolism of sucrose in the cytosol may be, at least in some cases, accompanied by the production of considerable quantities ofUTP (1, 8 The calculations assumed that the binding of Mg2+ to F-6-P and auxiliary enzymes was minimal as were any buffer effects. In the case of F-6-P, the dissociation constant for the MgF-6-P complex of 20 mm (20) would not allow a significant Mg2+ binding over the concentration ranges used. For auxiliary enzymes, an eightfold increase in the amount of auxiliary enzymes in the standard PFK assay did not change PFK activity significantly at 0.4 mm total Mg2+. Buffers, like Tris, which change the dissociation constant for MgATP2' (4, 19) , were omitted.
Using as a basis that HP042-complexes Mg2' with a dissociation constant of 2 mm, the concentrations of free Mg2+, free ATP, and MgATP2-in the presence of 5 1) analysis based upon the assumption that the activity of PFK approaches 100% in the absence of free Mg2", indicates that 50% inhibition of PFK activity requires 0.22 mm free Mg2" 2) (Fig. I1C ).
The single inhibition curves shown in Fig. 1 (Fig. 2B ). 
Inhibition of Cytosolic PFK by Free ATP
The concentration oftotal ATP required for optimum PFK activity depended upon the concentration of total Mg2+ such that with increasing concentrations of total Mg2+, increasing concentrations of total ATP were required (Fig. 3A) . When the concentration of total ATP exceeded that of total Mg2+, the activity of PFK was inhibited. This observation indicates that free ATP (predominantly ATP-) inhibits the activity of PFK.
The differences in activity at suboptimal total ATP concentrations are due predominantly to inhibition by free Mg2+. Mg2+ was plotted (Fig. 3B) after correction of the data for inhibition by free Mg2+ using the Hill equation:
where (I) = free Mg2+, (I0.5) = 0.22 mM, h = -0.56, and Vmax = 100%. The inhibition by free ATP is MgATP--dependent, unlike the case shown in Figure B for inhibition by free Mg2+. It is concluded that free ATP competes for the MgATP2-binding site, whereas free Mg2+ does not. A Hill-plot analysis indicates that 50% inhibition of PFK activity requires 1.2 mm and 3.7 mm free ATP at 0.1 and 0.5 mM MgATP2-, respectively (Fig.  3C) . Pi reduces the inhibition by free ATP (Fig. 4) such that 50% inhibition requires 5 and 8.7 mm free ATP at 0.1 and 0.5 mM total Mg2+, respectively.
Affinity of Cytosolic PFK for MgATP2-
The determination of kinetic constants of cytosolic PFK for the substrate MgATP2-is complicated by the fact that both free Mg24 and free ATP were inhibitory. Since, in the absence of Pi, the inhibition by free Mg24 is not dependent on the concentration of MgATP2- (Fig. 1, B and C) it was possible to correct for the effect of free Mg2+ on enzyme activity using the Hill equation (Eq. 9). The data from Figure  IA were plotted against the MgATP2-concentrations and corrected for inhibition by free Mg2" (Fig. 5A) . In a further experiment, the ratio of total Mg2+ to total ATP was maintained at 1:1 (Fig. SB) , and PFK activities were plotted as explained for Figure lowest concentration of free ATP, a Hill plot was obtained which exhibited linearity between 2 and 30 Mm MgATPI- (Fig. SC) . The concentration of MgATP-required for 50% activity was 3 gM but increased up to 76 gM at the highest concentrations of free ATP used (Fig. SC) . With increasing concentrations of free ATP, also, a change from negative cooperativity (h < 1) to more positive cooperativity (h > 1) was observed (Fig. 5C ). The occurrence of negative cooperativity with MgATP-saturation kinetics was also reported by Kelly and Turner (14) for PFK from pea seeds.
In the presence of 5 and 25 mm Pi and low free ATP concentrations, 50% activity was observed at 9 and 14 uM MgATP-, respectively (data not shown). Effect of Ca2+ on Cytosolic PFK The cytosolic PFK from spinach leaves was inhibited by Ca2" (Fig. 6 ). This inhibition was more pronounced at low concentration of total Mg2+. The concentrations of total Ca2" required for 50% activity of PFK were 22 and 32 ,M at 0.1 and 0.2 mM total Mg2+. These Mg2+ concentrations corresponded to 0.004 and 0.01 mM free Mg2+, respectively. It has to be considered that Ca2" complexes ATP with a dissociation constant of 0.0286 mM (20) and that Ca2`inhibition may be, at least in part, due to a reduction in the concentration of MgATP2-. Nevertheless, it is clear that the inhibition by Ca2"
is Mg2+-dependent. We postulate that the cytosolic PFK possesses a binding site with a high affinity for Ca2" and a lower affinity for Mg2+. We are unable to say whether the site is associated with, or distinct from, the catalytic center.
In general, the concentration of free Ca2`in the cytosol is thought to be between 10 and 400 nM (18) , the concentration of free Mg2+ in root tips (24) has recently been reported to be around 0.5 mm. At such concentrations of free Mg2`free Ca2ẁ ould have little physiological effect on PFK in the cytosol of spinach leaves. Nucleoside Triphosphate Specificity of Cytosolic PFK MgATP1-, MgUTP2-, MgCTP-, and MgGTP-all function as substrates for cytosolic PFK from spinach (Fig. 7) . The inhibition of PFK activity by free ATP which was observed in vitro is unlikely to be of great physiological relevance since the concentrations of free ATP will be low in the presence of the levels of free Mg24 in the cytosol. F-6-P will only limit PFK activity when the concentrations of Pi are low and free Mg24 are high (7) .
In common with PFKs from other sources, cytosolic PFK from spinach leaves uses MgUTP2-and MgATP2-with a similar efficiency. This implies that cytosolic PFK has the ability to use both as substrates depending upon their relative availability in vivo. This ability is consistent with recent suggestions that more than one pathway ofsucrose breakdown can take place in the cytosol (8) . UDP is the substrate for sucrose synthase that is thought to be involved in the cleavage of sucrose in spinach leaves in the dark (1) . The product of this reaction, UDP-glucose, is converted together with PPi to glucose 1-P and UTP by UDP-glucose pyrophosphorylase. The UTP could then be converted to UDP by either cytosolic PFK or fructokinase (1, 8) . This reaction sequence requires that pyrophosphate-dependent phosphofructokinase operates in the gluconeogenetic direction in order to generate PPi and that the activity of nucleoside di-phosphate kinases are low in the leaf cytosol.
Mechanistic Considerations
The kinetic characteristics of cytosolic PFK from spinach leaves, which have been described in this and the preceding article (7) , are due to the complex interaction of substrates, activators, and inhibitors. Many of these characteristics of the enzyme can be explained by the following model (21) . We postulate that when MgATP2-concentration is saturating free Mg24 is a mixed-type inhibitor which changes both Vma and the intrinsic dissociation constant (K.) for F-6-P, but does not affect the binding of MgATP2-. Anions in general appear to act as nonessential activators. Negative cooperativity, which was observed at higher concentrations ofF-6-P occurs because F-6-P is not only a substrate, but is also an anion and has the potential to act as a nonessential activator (7) . When free creases and Vmax approaches 100% of the potential Vmax. Pi overcomes the inhibition by free Mg2". An additional effect of the high concentrations of Pi is that the intrinsic dissociation constant for F-6-P is increased and the Vmax will approach 100%. The data reported in this and the preceding paper (7) completely fit into this model.
